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Abstract
High intensity shot peening treatments have been combined with other different second treatments, such as low 
intensity shot peening, vibratory finishing and grit blasting with fine alumina powders, in order to optimize the 
fatigue life of a medium-alloyed, quenched and tempered, structural steel with a very high strength (2000 MPa). 
Single low intensity shot peening treatments using ceramic balls were also used with the same objective. 
Roughness and residual stress profiles were measured, while the fatigue behavior was analyzed using a rotating 
bending fatigue equipment. Fracture surfaces were also analyzed in a scanning electron microscope (SEM) and the 
location of the fatigue crack initiation was detected.
Although the maximum stress in our fatigue tests is always applied on the surface of the specimen, the appropriate 
surface treatment combinations were able to optimize the fatigue response of the steel until the point where the 
fatigue crack initiated in the specimen interior (subsurface nucleation), due to the microstructural stress 
concentration provided by small alumina inclusions present in the microstructure of the steel. The amplitude of the 
stress intensity factor necessary to propagate fatigue cracks in the studied steel and the intrinsic stress intensity 
factor threshold, 'Kth, were finally obtained.
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1. Introduction
Shot peening is widely used in the automotive and aerospace industries as a mechanical surface treatment to 
improve the fatigue life of metallic materials. It consists in blasting very hard, tiny, spherical balls onto the surface 
of the component to induce surface plastic deformation, the expansion of which is constrained by the adjacent 
deeper material. These surface treatments produce several effects (roughness modification, surface hardening, 
compressive residual stresses, but also surface defects) which, when properly controlled, can provide an important 
enhancement of the fatigue behavior of components subjected to dynamic loads [1-3].
In the other hand, different authors have demonstrated the possibility of increasing the fatigue life of components 
using double surface treatments [4-6]. Basically, double treatments consist in first applying a high intensity peening 
treatment, the major effect of which is to produce a deep region submitted to high compressive stresses, followed by 
a second surface treatment to reduce the roughness induced by the first treatment and mitigate the damage produced 
on the surface. Polishing, vibratory finishing, grit blasting and shot peening using smaller balls and lower intensities 
have been recognized to be effective second treatments.
Nomenclature
a radius of the circle with a projected surface equivalent to the inclusion surface
h distance from the specimen surface to the center of the inclusion
N            number of fatigue cycles
R            radius of the fatigue specimen
S            projected surface of inclusions
Z0                depth submitted to residual compressive stresses at the end of the double treatments
Vmax maximum tensile load acting on the surface of the fatigue specimen
'Kth amplitude of the stress intensity factor fatigue threshold
2. Experimental procedure
2.1. Materials and processes
The study was performed on an AISI 4340 steel (0.41%C, alloyed with 1.9% Ni, 0.87% Cr and 0.24% Mo). The 
steel was supplied in bars with a nominal diameter of 16 mm. The bars were austenitized at 850ºC for 45 minutes, 
quenched in water and tempered at 200ºC for 2.5 hours. The heat treated steel had a yield strength of 1596 MPa, an 
ultimate tensile strength of 2000 MPa, and a tensile elongation of 11%.
The first surface treatment applied onto the different samples was shot peening using an Almen intensity of 19A 
and 100% coverage. This treatment was performed by means of a direct compressed air machine, using conditioned 
cut wire shots with rounded-off edges (CW, 670-730 HV, with an average diameter of 0.7 mm). Three types of 
secondary treatments were subsequently applied: vibratory finishing, grit blasting and low intensity shot peening 
using ceramic balls. Vibratory finishing was applied by placing the samples in a Rösler vibratory finishing machine 
using abrasive beveled ceramic cylinders with a length of 10 mm and a diameter of 3 mm (RP03/10 ZS), along with 
a SiC polishing paste (RSP 508 S) and water during 24 hours. On the other hand, grit blasting was applied by means 
of the same direct compressed air machine, using alumina powders with a grit size below 0.1 mm and an air pressure 
of 2 bars for 30 s and 60 s. The low intensity peening treatments were applied using ceramic balls (ZIRSHOT Y300) 
with a diameter of 0.3 mm and an air pressure of 2 bar in order to obtain an Almen intensity of 8A. Two different 
coverage degrees were employed in this case, 100 and 200%. Moreover, a single shot peening treatment using the 
same ceramic balls under the same Almen intensity of 8A was also applied as a comparison, using in this case 
coverages of 50% and 100%.
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2.2. Characterization techniques
Roughness and residual stress profiles were obtained on flat specimens transversally cut from the 16 mm diameter 
bars. Surface roughness was determined on a roughness tester by means of the maximum roughness parameters, 
Rmax. Five different roughness profiles were performed on each sample and the average results were calculated. 
Residual stress profiles were determined by X-ray diffraction and incremental layer removal by electropolishing 
using the sin2\ method [7]. Measurements were made on an X-Stress 300 G3R device manufactured by Stresstech, 
using the KD chromium wavelength (O=0.2291 nm), (211) diffraction planes, which give a diffraction angle around 
156º, and an elastic constant, E/(1+Q), of 168.9 GPa. Diffraction data were determined in three directions of the 
sample plane, -45, 0 and +45º, subsequently calculating the average result. Moreover, the slight stress relaxation 
produced by electropolishing layer removal was taken into account and corrected in accordance with Sikarskie [8], 
who has developed a methodology based on the Moore and Evans procedure [9].
Finally, fatigue tests were carried out on a four-point loading R.R. Moore rotating beam fatigue testing system 
(fully-reversed loading, R=-1) at room temperature and 5700 rpm (95 Hz), using cylindrical specimens with a 
calibrated length and diameter of 12.8 and 6 mm respectively. The applied maximum alternative surface stress was 
1100 MPa (55% of the ultimate tensile strength of the steel). This applied load was defined so that it was always 
above the fatigue limit and, in the case of the best treatments, not too far from it. The number of specimens tested 
under each condition varied between 4 and 9 and the fatigue results were expressed as average results, although 
individual values were also reported. The failure surface of all the specimens was inspected using SEM microscopy 
in order to detect the origin of fatigue crack initiation and the fracture pattern.
3. Results
Figure 1 shows the residual stress profiles produced by the different double treatments, along with the profile 
corresponding to the single 19A and 8A (ceramic balls) shot peening treatments. In the case of the vibratory 
finishing for 24 h, 60 Pm were removed in the second treatment and 70 Pm and 120 Pm were respectively removed 
after grit blasting for 30 and 60 seconds, with the aim to mitigate the surface damage induced in the first high 
intensity shot peening treatment. A similar effect was looked for with the double shot peening treatments (high 
intensity followed by low intensity), while the application of low intensity shot peening treatments using ceramic 
balls give a much lower depth under compressive residual stresses but the induced damage was in these cases nearly 
negligible.
Fig. 1. Residual stress profiles after the application of the different surface treatments (a) single treatments; (b) double treatments
Figure 2 shows some examples of surface damage induced in the high intensity shot peening treatment and not 
completely removed with the second treatment along with the damage induced in the low intensity shot peening 
a) b)
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treatment using ceramic balls. It was also seen that Rmax is not able to detect these small surface defects and was 
disregarded as a damage control parameter.
Fig. 2. Surface morphology. a) vibratory finishing, b) grit blasting with fine alumina powders, c) shot peening using smaller ceramic balls 
Figure 3 shows the individual fatigue results (the average number of cycles until fatigue failure after each surface 
treatment is also reported). All the applied treatments significantly increased the fatigue life of the single 19A shot 
peening treatment, and also off course of the non-peened specimens (NSP), being 19A+GB60s and the single SP8A-
100% with ceramic balls the best ones from this point of view. This figure also shows the tests in which the 
initiation of the fatigue cracks were internal (marked I in figure 3), fatigue being initiated in the specimen surface in 
the rest of the fatigue tests. It is also worth to note that those tests in which fatigue cracks initiated internally gave
always rise to the highest fatigue lives.
Fig. 3. Fatigue lives under an alternative stress of 1100 MPa (55% of the ultimate tensile strength)
4. Discussion
Double surface treatments, consisting in first applying a high intensity peening treatment, the major effect of 
which is to produce a deep region submitted to high magnitude residual compressive stresses, followed by a second 
surface treatment to reduce the roughness induced in the first treatment and mitigate the induced surface damage, 
proved to be highly suitable for increasing the fatigue performance of the tested steel, although the use of low 
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intensity peening using ceramic balls is also very convenient. Although the maximum stress on our fatigue 
specimens (bend testing) always acted on the specimen surface, it should be noted that the initiation of fatigue 
cracks was internal in the case of the specimens that had the longest fatigue lives. Some of these fracture surfaces, 
observed under the scanning electron microscope, can be seen in figure 4 (“fish-eye” feature). The location of the 
internal initiation of fatigue damage is clearly visible in these examples and was always promoted by the presence of 
hard, non-deformable alumina-rich inclusions (figure 4 c). In these cases, the amplitude of the stress intensity factor 
acting in the front of shot peening surface defects was minimized by the application of the second surface treatment, 
and the compressive stress belt induced by the first surface treatment was able to avoid crack initiation on the 
surface region, consequently an internal fatigue crack initiation process was triggered, promoted by the stress 
concentration factor associated to the presence of the aforementioned hard inclusions. In these cases, the amplitude 
of the stress intensity factor provided by the sum of the applied stress and the residual stress acting on the largest 
surface defect was lower than the subsurface amplitude of the stress intensity factor (lower applied bending stress, 
but also much lower compressive residual stress or even no compressive stress in most cases) acting on the largest 
inclusion present in this region of the specimen.
Fig. 4. Internal crack initiation after a) 19A+SP8A-100% at alumina inclusions, b) SP8A 100% using smaller ceramic balls,  and c) alumina 
inclusion in 19A+GB60 s
Figure 5 represents the total thickness of the specimen submitted to compressive residual stresses, Z, against the 
distance from the specimen surface to the center of the inclusion, h, that has initiated the fatigue failure in each case.
Most of the data presented in Figure 5 observe the following relationship, h = Z0 (r 20%), that is, crack initiation 
took place at locations where the compressive residual stress field was non-significant, especially if we take into 
account the stress relaxations that always takes place during cyclic loading. 
Fig. 5. Depth of the compression residual stress field, Z0, against depth where the triggered inclusion is located, h. Marked region corresponds to 
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On the other hand, the stress intensity factor KI acting on a small circular crack of diameter 2a and located in any 
position of a circular bar of radius R submitted to a flexion load was approximated by the following expression [10]:
             max1.13 1I
h
K a
R
V § · ¨ ¸© ¹
                                                                                                      (1)
Vmax being the maximum tensile load acting on the surface of the specimen and h the distance from the surface to the 
center of the circular crack. The term Vmax(1-h/R) is the tensile load locally acting in the center of the small internal 
crack. Murakami [11,12] extended this calculation to the case of non-metallic inclusions with ellipsoidal shapes 
using the area S obtained after projecting the 3-D shape of the inclusion onto the plane perpendicular to the tensile 
axis acting on the specimen as size defect parameter:
        0.5I locK SV S                                                                                                                   (2)
Assuming in this case a circular inclusion (S=Sa2), and considering the KI range, 'KI, expression (2) transforms 
into expression (3):
          max1.18 1.18 1I loc
h
K a a
R
V V § ·'  '  ' ¨ ¸© ¹
                                                                      (3)
In the absence of residual stresses, expression (3) can be directly used to obtain the local amplitude of the stress 
intensity factor that has initiated the fatigue crack. It is assumed that stress concentration around hard inclusions is 
very marked in high strength steels and, therefore, a three-dimensional tension is produced in the surface of the 
inclusion, which gives rise to microcracks, which coalesce at a certain stage of the stress cycling to form a penny-
shaped small crack [13]. 
Figure 6 represents now the amplitude of the stress intensity factor that has initiated fatigue cracks around 
inclusions in our experiments against the measured fatigue lives (the equivalent radius, a, measured on these 
inclusions varied between 8 and 13 Pm). The strong increase of the fatigue life as 'K decreases allow us to 
determine the 'K fatigue threshold, 'Kth. A 'Kth of 6.7 MPam1/2 was determined for this steel. This is an intrinsic 
material parameter, only dependent on its microstructure and on the size distribution of inclusions, which
characterizes the fatigue behavior of this steel when fatigue initiation at surface is avoided by means of appropriate 
surface treatments. 
Fig. 6. Determination of the 'Kth fatigue threshold of the 4340 Q+T steel
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5. Conclusions
All the applied surface treatments significantly increased the fatigue life of the single high intensity 19A shot 
peening treatment, being 19A+GB60s and the single SP8A-100% with ceramic balls the best ones from this point of 
view. The main effect of the second treatments was to remove the surface defects created by the first high intensity 
peening treatment, but also single low intensity shot peening treatments using ceramic balls give rise to optimal 
fatigue results although the depth submitted to compressive residual stresses were much lower in these cases. It was 
also demonstrated that those tests in which fatigue cracks initiated internally due to the stress concentration derived 
from the presence of alumina inclusions gave always rise to the highest fatigue lives. In these cases the compressive 
stress belt induced by the surface treatments was able to avoid crack initiation on the surface region, the most 
stressed region in our bending fatigue tests, but cracks initiated around the largest inclusions present at a depth
below the specimen surface, where compressive residual stresses were negligible.
The local amplitude of the stress intensity factor acting on the inclusions where fatigue has initiated in each 
specimen was determined and the steel 'K fatigue threshold was calculated. 'Kth is an intrinsic material parameter,
only dependent on the steel microstructure and on the size distribution of inclusions, which characterizes the fatigue 
behavior of this steel when fatigue initiation at surface is avoided by means of appropriate surface treatments.  
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